The dynamics of the band-gap renormalization and gain build-up in monolayer MoTe 2 is investigated by solving the non-equilibrium Dirac-Bloch equations where the incoherent carrier-carrier and carrier-phonon scattering is treated via quantum-Boltzmann type scattering equations. The pump-pulse generation of excited charge carriers induces a large band-gap renormalization during the time-scale of the pulse. Efficient phonon coupling leads to a subsequent carrier thermalization which defines the time scale for the optical gain build-up energetically close to the low-density exciton resonance. 1 arXiv:1903.08553v1 [cond-mat.mes-hall]
Monolayers (MLs) of transition-metal dichalcogenides (TMDCs) hold great promise as active material in next generation opto-electronic devices. Unlike their bulk counterparts, MLs of many semiconducting TMDCs exhibit a direct gap with transition energies in the visible to nearinfrared regime [1] [2] [3] [4] [5] [6] [7] . As compared to conventional semiconductors, they provide strong light-matter coupling and many-body effects due to carrier confinement and weak intrinsinc screening of the Coulomb interaction. At low excitation levels, the electron-hole attraction leads to the formation of excitons with large binding energies that absorb as much as 10-20 % of the incoming light for a single layer [8] [9] [10] [11] . Because of this strong light-matter interaction, TMDC based photonic devices promise high efficiency and have the potential for saturable absorbers, nanoemitters or nanolasers with the smallest possible amount of optially active material. Indeed, room temperature lasing has been reported for different TMDC materials for comparatively low pump intensities and emission frequencies centering around the respective A exciton resonances [12] [13] [14] .
In this letter, we use the example of MoTe 2 to perform a microscopic calculation of the carrier dynamics and optical gain development after non-resonant optical excitation. For TMDCs, excitation induced band-gap shrinkages of several hundred meV have been reported in experimental 15, 16 and theoretical 17, 18 investigations, and the injection of external charge carriers has been proposed as a possibility to dynamically control the optical gap on a femtosecond time-scale 15, 16 . Furthermore, carrier-carrier and carrier-phonon scattering lead to excitation induced dephasing and the build-up of screening, thus dynamically modifying the exciton binding and peak gain positions.
In particular, for laser applications precise predictions for the peak gain are desirable to design optical cavities correspondingly.
A well established scheme to deduce the carrier dynamics and its influence on the optical spectra is to probe the optical response of the system at different delay times after excitation with a strong optical pump pulse. To simulate such a scenario, we extend our recently developed Dirac-Bloch equation (DBE) scheme [18] [19] [20] [21] beyond the linear low-excitation and quasi-equilibrium regime. In particular, we include incoherent interactions due to electron-electron and electronphonon scattering in order to study the carrier dynamics and to determine the dephasing of the optical polarizations and the resulting broadening of optical spectra self-consistently.
The DBE are based on an effective four-band massive Dirac-Fermion Hamiltonian that models the electronic and optical properties in the vicinity of the direct band gap at the boundaries of the hexagonal Brillouin zone, i.e. the K-and K -points 22 . With the help of this Hamiltonian, the equations of motion for the microscopic interband polarizations P ik and the electron (hole) distribution functions f e(h) ik are obtained as 19, 20 
Eqs. (1) and (2) are formally equivalent to the semiconductor Bloch equations (SBEs) 23 , but the expressions for the renormalized single-particle energies Σ e(h) ik and Rabi energies Ω ik are far more complex 19, 20 . In our approach, the material parameters entering the DBEs, i.e. the non-interacting band gaps, Fermi-velocities, optical transition dipole-matrix elements and dielectric constants, are computed using the DFT implementation Vienna Ab-initio Simulation Package (VASP) [24] [25] [26] [27] .
The corresponding values for the exciton and interacting single-particle band-gap energies are More technical details of our microscopic approach can be found in Refs. 20 and 21.
Incoherent processes that lead to the dephasing of the microscopic polarizations and to the carrier relaxation dynamics are contained within
, respectively. Here, we treat the carrier-carrier and carrier-phonon scattering on the level of quantum-kinetic theory in second Born approximation and the Markov limit. Concerning the electron-phonon coupling, we apply the Fröhlich interaction based on the analytical model of Sohier et al. 28 .
In the following, we consider a room-temperature ML of MoTe 2 which has been placed on a quartz substrate and excited by a high-intensity linear-polarized optical pump pulse (E 0 ∼ 1.5 MV/cm). The central pump frequency is chosen to be slightly above the interacting B-band gap and the pump pulse has a full width at half maximum (FWHM) of 333 fs corresponding to a photon density of 2.65 × 10 15 cm −2 (a pump fluence of 750 µJ/cm 2 ).
Numerically solving our coupled microscopic equations, we obtain the results shown in Figs Due to the strong Coulomb interaction, carrier-carrier scattering is extremely efficient and drives the carrier distributions into hot quasi-equilibrium distributions within a few femtoseconds. This ultrafast carrier-carrier scattering quickly redistributes the pump injected carriers to energies near the band gap and away from the excitation energy, thus almost completely preventing the accumulation of carriers at the excitation energy and the associated Pauli-blocking of the absorption during the excitation process. The result is a highly efficient generation of excited charge carriers which is limited only by the absorption coefficient of the unexcited layer. After the pump pulse has passed, we find a total carrier density of 1.316 × 10 14 cm −2 , or equivalently, 6.58 × 10 13 cm −2 generated electron hole-pairs, corresponding to an absorption of about 2.5% of the incoming photons. Due to the Coulomb enhancement of the above band-edge absorption, this value is slightly larger than the universal low-density continuum absorption of πα = 2.3% for non-interacting Dirac Fermions.
The initial ultrafast relaxation into hot quasi-equilibrium distributions is followed by a phononinduced thermalization that takes about 2.5 ps until a quasi-equilibrium at the temperature of the phonon bath (300 K) is reached. This relaxation time is about twice as fast as in conventional semiconductors and based on the efficient phonon coupling in ML MoTe 2 28 .
The time evolution of the single-particle band gap (blue) and the total carrier density with given spin and valley index n i (t) = Fig. 1 (b) . With solid lines, we depict the respective A-band properties, whereas the B-band properties are plotted using dashed lines. The gray shaded area shows the envelope of the Gaussian shaped optical pump pulse centered around t 0 . Due to the initially nearly resonant excitation with the B-band gap, the final amount of charge carriers in the B-bands (n B = 6.72 × 10 13 cm −2 ) is slightly higher than in the A-bands (n A = 6.44 × 10 13 cm −2 ). Note that due to the opposite spin, there are no relaxation processes between the B-and the A-bands on the timescales of interest here. As can be recognized in Fig. 1 (b) , the build-up of populations during the excitation process is accompanied by an almost instantaneous shrinkage of the band gap by as much as ca. 350 meV. At this stage, the excitationinduced band-gap renormalization is dominated by screening of the Coulomb interaction by the excited carriers whereas phase-space filling is of minor importance. Only at longer times after the excitation -when thermalization sets in -does phase-space filling additionally contribute to the band-gap shrinkage yielding the total excitation-induced band-gap renormalizations of 362 meV (A-gap) and 371 meV (B-gap), respectively for the investigated excitation conditions. These results are in good agreement with our previous findings in the equilibrium regime 18 and reported experimental observations 15, 16 .
In Fig. 2 , we present the time evolution of optical absorption/gain spectra computed as linear response to an ultra-short, low-intensity probe pulse for different delay times τ = t − t 0 . To cover the wide relevant energy range of several hundred meV, we choose a temporal width of 10 fs for the probe pulse. The use of such an ultrashort probe pulse also provides the necessary time resolution to study the evolution of the optical response during the excitation process, which is shown in Fig. 2 (a) . Here, the pump-probe delay increases from τ = −395 fs to τ = −320 fs in 15 fs steps from red to yellow. For comparison, the linear absorption spectrum of the unexcited ML is depicted in black. We notice an initial increase of the excited carrier density leading to dephasing, excitation induced band-edge shrinkage, and reduction of the exciton binding energy.
As a consequence of these compensating effects, we observe practically no shift of the exciton resonance position. Excitation induced dephasing increases the 1s-exciton linewidth from 4 meV at a delay time τ = −395 fs to 52 meV at τ = −335 fs. At τ = −320 fs and a density of about 10 11 cm −2 -well below the Mott density of about 6.6 × 10 12 cm −2 -the exciton resonance is completely bleached out and merges with the continuum states.
In Fig. 2 (b) , we show the optical absorption in the thermalization regime. Here, pump-probe delays increase from τ = 0.4 ps (cyan) to τ = 1.4 ps (dark blue) in 0.2 ps steps. The inset displays snapshots of the corresponding A-band electron distribution functions. In this time regime, no additional excited charge carriers are generated but thermalization cools the existing carriers into quasi-equilibrium at the lattice temperature (300 K). The absorption spectrum for quasiequilibrium conditions is depicted in black. With decreasing temperature of the quasi-equilibrium distributions, the occupation probabilities near the band gap increase. About 200 fs after the pump pulse, inversion with (1 − f e ik − f h ik ) < 0 is reached and optical gain (negative absorption) appears in the spectrum. Inversion and gain increase with increasing cooling of the carriers. After about 2.5 ps thermal equilibrium is reached where we observe broad A-band optical gain with a peak energy close to the low density A-exciton resonance. The maximum gain exceeds the value of 1 % amplification of the incoming light which is close to the theoretical upper limit of πα/2 = 1.15%
for the free carrier, single band case. Above the A-exciton, the combination of the continuum absorption of the A-band and gain of the B-band leads to a pronounced dip at around 1.4 eV, which is again roughly at the energetic position of the low density B-exciton resonance. Since relaxation processes between both bands are spin-forbidden, the possibility of two-color lasing from both bands arises.
In summary, we investigated the carrier dynamics in ML MoTe 2 after excitation with a strong optical pump pulse. Our investigations reveal two distinct time regimes. In the excitation regime, that is determined by the width of the optical pulse, generation of photo-induced charge carriers is accompanied by a more or less instantaneous band-gap renormalization of about 370 meV, exceeding the exciton binding in the low density limit. In the low density regime, the band-gap renormalization is almost exactly canceled by a reduction of the exciton binding energy, such that the exciton resonance displays a negligible shift. Furthermore, strong excitation-induced dephasing leads to the bleaching of the exciton resonance for densities well below exciton ionization is complete. The initial fast carrier relaxation is followed by a much slower thermalization of the hot carriers. Due to efficient phonon coupling the thermalization occurs within a few picoseconds , i.e. almost twice as fast as in typical III-V quantum well systems. For the chosen pump pulse intensity, thermalization finally leads to population inversion. Here, we observe the transition from plasma absorption to broadband optical gain. The maximum of the A-band optical gain occurs slightly below the chemical potential of the A-exciton and its magnitude exceeds 1 % of the incoming light.
Our results are in general agreement with experimentally observed excitation induced band-gap shrinkage 16 , and confirms the possibility of ultrafast band-gap modulation by the injection of carriers. Furthermore, our results indicate the possibility for achieving gain in TMDC monolayers, and the short relaxation times enable high repetition rates. Despite the large exciton binding energy, the huge band-gap renormalization leads to a peak gain that occurs spectrally very close to the exciton absorption resonance.
In the end, we want to emphasize that our results are obtained within the MDF model. The validity of this model is restricted to the vicinity of the K-points and does not take into account additional valleys that occur in the Brillioun zone of TMDCs. In general, the existence of these side valleys may reduce the obtainable optical gain by inter-valley scattering. Such studies require the evaluation of the full Brillouin zone excitation dynamics, which is work currently in progress.
However, in the case of MoTe 2 the side valleys are energetically sufficiently detuned from the band gap which should minimize their effect for the excitation conditions chosen here.
The 
